Highlights 1 We provide comprehensive information about long-term breeding of the G609G mice 2 Peculiarities of progeria, behavior and quality of life of G609G mice are described 3 Skeletal muscle alterations are described in heterozygous human-mirroring mice 4 Bone mechanical competence in G609G heterozygous mice is described as first time ever 5 Our report facilitates exploiting this progeric murine model for studies on aging
INTRODUCTION The mutated protein
Lamin A/C (LamA/C) is a major component of the nuclear lamina, a three-dimensional matrix lining the internal surface of the inner nuclear membrane. LamA/C is important for maintaining the nuclear structure and it governs many key nuclear functions such as chromatin organization, DNA replication, transcription, DNA repair and cell-cycle progression (Lopez-Soler, Moir et al. 2001 , Prokocimer, Barkan et al. 2013 . Mutations in the LamA/C gene (LMNA) give rise to a group of rare diseases collectively called laminopathies and distinguished in "tissue-specific" or "systemic" forms. Tissue-specific laminopathies affect predominantly one tissue type (skeletal or cardiac muscle, adipose tissue etc), systemic laminopathies affect globally the organism, which always shows more or less marked premature aging traits (Camozzi, Capanni et al. 2014) . The most representative disease among systemic laminopathies is the Hutchinson-Gilford Progeria Syndrome (HGPS, OMIM 176670).
The Hutchinson-Gilford Progeria Syndrome
HGPS is a rare, dominant genetic disorder characterized by accelerated aging, bone resorption (particularly at phalanges, clavicles and mandible), skin and adipose tissue atrophy and atherosclerosis (Mounkes and Stewart 2004) . The onset is in the first year of life and patients die at J o u r n a l P r e -p r o o f mortality since maternal behavior, including nest building attitude, was not impaired. However, some pup deaths in the first few days after birth likely went unnoticed, since dams often scavenge dead pups. Furthermore, we left periparturient females undisturbed, which may have prevented the discovery of pup loss. In some case rejection or cannibalism of the litter were observed, probably due to the lack of breast milk evidenced by the absence of "milk spot" in some of the dead pups. Such deaths commonly occurred by 1 or 2 days of age. Since birth, transgenic pups had a slower growth in comparison to Lmna +/+ , suggesting lengthening the weaning period to 30 days. This strategy resulted successful, and no post-weaning mortality was registered. No complication was registered as a consequence of headset marking.
Behavior -Colony Health Surveillance and Animal Monitoring C57BL/6 mice are reported as "touchy" (Baumans 2005) , however no aggressive behavior was ever seen towards the operators and mice were tame when manipulated. Few aggressive behaviors were observed between cage mates, seen only between males fighting to form a hierarchy, especially after cage change. This behavior could be limited by adding some old litter or paper tissue from the old cage into the new one. The weak territorial behavior made it possible to cage males in groups up to 4 animals. Fight wounds were rarely observed, and healed quickly without complications after proper disinfection with iodinate solution. Behavior-associated hair loss, known as barbering ( Fig. 3) , includes plucking off hairs or whiskers from cage mates (heterobarbering) or on self (self-barbering), and is common in mice (Kalueff, Minasyan et al. 2006) . It occurs often in C57BL/6 appearing to be linked to a form of dominance in which animals cooperate (van den Broek, Omtzigt et al. 1993) . In cages overpopulated with pups from different litters, barbering of suckling pups by their parents was common ( Fig. 3) and, after weaning, the fur in areas with barbering grew normally. No barbering was observed among breeding pairs, neither in lactating mice performed by suckling pups. Barbering has also been negatively correlated with aggressiveness or interpreted as an obsessive-compulsive grooming disorder, representing a stress-evoked response that can be limited with environmental enrichment. In our colony, adult mice displayed barbering in 12% of the cases, less than reported for C57BL/6 in other studies (Long 1972) . Barbering behavior was not related to the genotype and all animals with barbering had healthy skin. Most frequent areas of hair loss were neck, dorsum, snout and head (the last two incompatible with self-barbering). 
Onset of symptoms
No differences in the symptoms related to premature aging, apart from bodyweight and lifespan, were observed between males and females. Following weaning and for the first 5-6 weeks of age, all mice were lively, active, explorative and expressed the typical behavior of the species. When observed in their home cage mice were seen moving around the cage, grooming, eating, drinking and interacting with cage mates. All mice built nests using the suitable material provided (pieces of cloth, egg packaging). Apart from lower weight gain rate (see below), the first clinical signs associated with the progeric syndrome arose at 5-6 weeks of age for Lmna G609G/G609G and at 20-32 weeks of age for Lmna G609G/+ and were observed during daily inspection of the animals in their cage. The signs were more evident and severe in homozygous than in heterozygous mice and regarded especially fur and skin, eyes and skeletal apparatus. For both genotypes, periocular alopecia was the first characteristic sign registered, followed by thinning and loss of hairs from the limbs, nose and back. Fragility and loss of hairs were evidenced by their presence on the gloves when animals were handled. Fur was evidently opaque and rough compared to Lmna +/+ and showed grey/white stripes ( Fig. 4) D J o u r n a l P r e -p r o o f
Fig. 4: Fur comparison between Lmna +/+ mice (A) and Lmna G609G transgenic mice (B, C).
Note the thick, shiny and glossy fur of the Lmna +/+ mouse (age 250 days) both in the dorsal and ventral area (A). In contrast, G609G transgenic mice (at ages near to reaching the HE) have sparse and scruffy coat. Trunk hair turned prematurely grey (B). Note the characteristic periocular alopecia (C). These signs were observed in both sexes, in 54/54 homozygous, 136/136 heterozygous and in 0/92 WT mice. D 
) Thin fur and erythema-like redness
The skin appeared thin, dry and sclerotic, and an erythema-like redness was clearly visible, particularly in the ventral area probably due to direct exposure to the litter. Interestingly, ocular signs were very common and included microphthalmia, anophthalmia, opacity of the cornea, being different from those described in human patients. who are reported to suffer mainly from refractive errors such as hyperopia or keratopathies caused by dryness of the cornea (Merideth, Gordon et al. 2008 ) (Mantagos, Kleinman et al. 2017) . They occurred in 50% of homozygous mice ( Fig. 5) , in 17% of heterozygous and in 3% of WT mice. However C57BL/6 mice have high incidence of microphthalmia and other eye defects, suggesting an influence by the genetic background (Smith, Roderick et al. 1994 ) (Fuerst, Rauch et al. 2007 ).
Fig. 5: Ocular signs in Lmna G609G transgenic mice.
Opacity of the cornea, microphtalmia were observed since weaning in 27/54 homozygote, 23/136 heterozygote and 3/92 WT mice.
Transgenic mice also showed dental anomalies, confirmed by radiological and microCT analysis.
Mouse incisors grow throughout life and should get in reciprocal contact in such a way that they grind on each other and on the food, thus maintaining a normal length. If upper and lower incisors are not normally aligned, malocclusion occurs meaning that teeth may grow towards the palate or out of the mouth. Malocclusion has been linked to traumas to the growing teeth (impact on cage metal parts, improper handling, fighting, hard food etc), also an increased incidence in strains such as C57BL/6 is reported (Burkholder, Foltz et al. 2012) . In our study, we never found malocclusion nor other dental alterations in Lmna +/+ mice, while in 13% of homozygous and 8% of heterozygous ( Fig. 6 ) the incisors were splayed apart, thin, long or fractured. This condition was early diagnosed during the twice weekly clinical observation and malnourishment was the first consequence.
Hydrocephalus was observed in 2 heterozygous mice. Cleft palate was not observed. Reduced mobility and a "shuffling gait" of the hind limbs were common at increasing age. Dental anomalies, J o u r n a l P r e -p r o o f 8 together with the impaired motility, reduced agility in climbing and/or standing to reach food, resulted in feeding difficulty for the affected animals. Consequent weakness and definitive weight loss lead to a severe state of apathy and cachexia, rapidly reaching the Humane Endpoints (HE).
Fig. 6: Dental anomalies. A) Normal teeth, B) Malocclusion, upper incisors extremely curved inwards; C) Long incisors splayed apart; D)
Thin, long and fractured incisors; E) Fractured lower incisors and long upper incisors. These defects were observed 7/54 homozygote, 11/136 heterozygote and 0/92 WT mice Kyphosis was constantly observed ( Fig. 7) and aggravated with age (see below).
Fig. 7: Kyphosis. Typical Lmna G609G transgenic mice kyphosis
Tremors (involuntary rhythmic oscillation of body parts) were observed in 2/40 homozygous mice and 2/157 heterozygous mice but never observed in WT mice. Tremors may be related to a possible hypoglycemic state or derive from a neurological disorder (Louis 2008) . Moderate to severe hypoglycemia, not investigated in this study, was described for homozygotes and heterozygotes at 3 and 8 months of age, respectively (Osorio, Navarro et al. 2011 ). However, it is possible that shivering may have been confused with tremors. Since homozygotes and heterozygotes have thin fur and no subcutaneous fat, the shivering could be a physiological J o u r n a l P r e -p r o o f response to hypothermia. Termoneutrality (30°C) is reported to improve lifespan of a mouse model of laminopathy, reinforcing the idea that these mice could be more severely influenced by the temperatures commonly used in laboratory animal facilities (Liao, Anderson et al. 2016) .
Body Weight and Growth
WT mice grew rapidly reaching a relative plateau weight of 35 g for males and 25 g for females at about 25 weeks. They did not show any weight loss during the study period and were able to reach up to 50 g.
As reported (Osorio, Navarro et al. 2011) , G609G transgenic mice attained lower weights than WT littermates throughout the post-weaning period. The first sign associated with HGPS disease, in fact, includes reduced growth rates. The weight differences were hardly detected at weaning, then between 45 and 48 days of age, mean values of each group began to indicate lower weights for both females and males Lmna G609G/+ and Lmna G609G/G609G (more evident) compared to WT of the same sex (Fig. 8 ).
In accordance with the first description of these animals, no weight plateau was reached by Lmna G609G/G609G animals. Males hardly reached a maximum of 20 g at about 9 weeks of age which was followed by a rapid weight loss. Heterozygous mice reached a plateau (males Lmna G609G/+ 28 g; females Lmna G609G/+ 23 g) at about 20 weeks and maintained this weight until 30 weeks of age, when they progressively started to lose weight.
Lifespan
The lifespan of Lmna G609G transgenic mice is very short compared to a Lmna +/+ . C57BL/6 mice usually survive 18-22 months, females living longer than males. However, longevity is strain specific, depends on several factors and can vary among reports. The oldest Lmna +/+ mice in our study was a female and lived up to 23 months. Homozygous mice (n=15) died prematurely, reaching the humane endpoint at 108 days ( Fig.9 ).
This result is consistent with those reported by previous studies, in which mean lifespan ranges from 103 days to 107 days (Osorio, Navarro et al. 2011 ) (Villa-Bellosta, Rivera-Torres et al. 2013 ).
If considered separately, females (n=8) had a lifespan of 101 days; while males (n=7) had a lifespan of 115 days. This difference between the two sexes of the same genotype resulted significant (p= 0.01). Heterozygous mice (n=73), which develop the disease in a less severe way, reached the humane endpoint at 287 days. Osorio (Osorio, Navarro et al. 2011) and Villa-Bellosta Once again females reached the humane endpoint earlier compared to males. In fact, females (n=40) reached the HE at 266 days, while males (n=33) at 311 days (p= 8.84e-06). Considering singularly heterozygous dams and virgins we noted that while virgins (n=30) lived 272 days, dams (n=10) lived 250 days. Also, means of male lifespan were not affected at all by reproduction and, for both sexes, breeding did not affect lifespan in a significant way. In general, in our study the mean lifespan of Lmna G609G/+ was longer than reported in previous studies in which no animal groups larger than 8 individuals were considered (Osorio, Navarro et al. 2011 ) (Villa-Bellosta, Rivera-Torres et al. 2013) . For this reason, we think that the real mean lifespan of Lmna G609G/+ we measured could be more reliable. Differences in mean lifespan of mice from the same inbred strains in different environments, demonstrate that life expectancy is influenced not only by genetic factors, but also by the environment. These factors, among others, include diet, temperature and humidity conditions, and husbandry procedures. Obviously, it is likely that genotypes surviving longer are more influenced by environmental factors compared to animals with shorter life. From these results, it appears clear that homozygous are more severely affected by the disease compared to heterozygous mice, and that when using Lmna G609G transgenic mice as an animal model to study the effect of drugs on lifespan it would be optimal to consider sex groups separately. Finally, reproduction does not affect lifespan in significant way.
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Feeding boosting
For a subset of mice moistened chow was left on the cage floor, a more accessible position, in order to avoid feeding difficulties. The strategy of adding palatable food on the cage floor is used by many research groups and is part of the Refinement principle (Burkholder, Foltz et al. 2012) . In our study, this choice allowed the less motile animals to continue feeding and brought to good results with a general improvement in body weight and life conditions of the affected animals.
However, adding moistened chow could be done only for about two weeks after the initial weight loss because longer periods favored abnormal incisors growth that eventually compromised the animal nutrition. Moistened food did not have an impact on lifespan but temporarily improved life quality of mice, thus being considered a valuable refinement strategy that can be used in the case of particular experimental requirements.
QUALITY-OF-LIFE EVALUATION
Open Field test
The Open Field Test (OFT) is not simply a measure of motor activity, but involves other factors such as exploratory drive (curiosity), and fear (anxiety). Mice placed in the center of the arena typically ran to the walled edge then explored their way around the whole arena remaining close to the walls. All mice spent most of the time close to the arena walls, as can be seen in Fig. 10 , this phenomenon being referred to as thigmotaxis (Kulesskaya and Voikar 2014) . Means of vertical activity (VM) for homozygous mice were lower than for WT or heterozygous mice. Old age groups are reported to exhibit reduction in vertical activity and center time compared with the younger (Shoji 2016) , accordingly, the time spent moving decreased with age in all groups independently from genotypes ( Fig. 10) , indicating that exploratory drive decreases with age. Center time and activity (together with defecation) in the first 5 minutes, likely measure some aspect of emotionality (Kulesskaya and Voikar 2014) .
The number of quadrants crossed are reported in Fig. 10 for each genotype and time point considered. Differences were not significant among time points for each genotype, nor among different genotypes at the same age. Studies on age-related changes in behavior in C57BL/6 revealed an age-dependent decline in locomotor activity (measured as distance travelled in cm) during the early testing period in a novel open field environment.
Such decrease was associated with an aging-dependent increased anxiety-like behavior rather than a decline in locomotor activity itself (Shoji 2016) . In our study mice were exposed at the same age to the same stimuli during their whole life, so getting used to the test procedure, allowing us to suppose that anxiety-like behaviors are limited. "Freezing" (standing still) was rarely seen, while grooming was quite common in all animals at any age, confirming in part that the bad conditions of the fur were not due to a decrease in the animal self-care. It's important to underline that despite standardization, OFT tests vary greatly across labs (Crabbe, Wahlsten et al. 1999 ). Thus, experiments characterizing mutants may yield results that are tailored for a particular laboratory being comparable intra-but not inter-lab.
J o u r n a l P r e -p r o o f Fig. 10 Open Field Tests. Bars and boxes graphs representing wild type (WT) mice at 1 (n=17), 2 (n=17), 3 (n=17), 6 (n=9) months of age, heterozygous (Het) mice a 1 (n=8), 2 (n=7), 3 (n=6), 6 (n=5) months of age, and homozygous (Hom) at 1 (n=3), 2 (n=3) and 3 (n=3) months of age. TC= Time spent at the center; VM= Vertical movements; TM= Time spent moving; Q= Numbers of quadrant crossed. Time is expressed in seconds.
Numerical Scoring System Specific for Lmna G609G transgenic mice
Heterozygous mice at 6 months of age and homozygous mice at 3 months of age are smaller than WT littermates, have marked kyphosis, show prematurely aged fur but they still act in a way comparable to WT siblings. Objective indices of phenotypic alterations can be useful in following the progression of a disease. Based on this consideration we propose a numerical scoring system (NSS) specific for Lmna G609G transgenic mice that gives values (from the best to the worst condition possible, 3 to 10) considering parameters such as fur, gait and activity (Table 1, Fig. 11 ).
Parameter
Animal Condition Score Fur Shiny, thick, black 1 Still in good condition, initial periocular alopecia 2 Periocular alopecia, jagged, streaked, opaque and slightly greying fur 3 General alopecia, thin, jagged, streaked, opaque fur 4 Gait analysis Normal 1 Unstable gait, divaricated hindlimbs 2 Activity
Active, lively, curious, jumps, runs, digs the litter 1 Active, lively, does not jump, alternates time spent moving with increasing rests 2 Active but not particularly lively, moves slowly 3 Tends to stay still, trembles and is hypoactive 4 Total Score This assessment revealed to be fast and easy to use. As it can be seen from the scores given after each OFT, WT mice had a nice fur, were active and walked normally until the last observation (6 months of age). This was not true for transgenic mice. Lmna G609G/+ did not show much difference from WT mice up to 3 months of age. At 6 months, the NSS was significantly higher in Lmna G609G/+ (p= 0.0249). The final score was influenced especially by the fur and skin conditions. However, at 6 months of age they still were very active. Lmna G609G/G609G were more severely affected and at 3 months of age already reached a mean score of 6. Again, the final score was influenced especially by the fur and skin conditions.
SKELETAL ABNORMALITIES and RADIOLOGICAL EXAMINATIONS
The acquisition of an abnormal posture (hunched-up) and kyphosis characterized this mouse model of progeria, as already reported by (Osorio, Navarro et al. 2011) . Kyphosis was also observed by in vivo clinical observations (Fig. 7) , and during necroscopy. The seriousness and the onset of this feature depended on age and genotype ( Fig. 12 ).
J o u r n a l P r e -p r o o f Fig. 12 : Kyphosis. A) Kyphosis Index (KI) calculation method in humans and in mice; KI = AB/CD (adapted by (Laws and Hoey 2004) B) KI assessment for wild type mice (WT), heterozygous (Het) and homozygous (Hom) mice, at different ages expressed in days. Severity of kyphosis depends on age and genotype. C) KI of wild type mice (n=4), heterozygous (n=5) and homozygous (n=3) Lmna G609G transgenic mice at 30 days of age (left) and KI of wild type mice and heterozygous at 200 days of age (right). D) X-ray lateral projection of a wild type mice at 300 days of age. Note the normal anatomy of the mouth and disposition of the incisors. Abundant adipose tissue is present in the abdomen. E1,E2) X-ray lateral projection of the same heterozygous mice at 300 days and 336 days. KI index went in 36 days from 2.52 to 1.60. F) lateral projection a homozygous mouse at 110 days. G) Dental anomalies. X-ray lateral projection of the skull of a WT mouse at 300 days of age compared with a heterozygous mice at 260 days of age showing abnormalities of the incisors: the lower incisors grow toward the palate because of malocclusion.
No WT animals had relevant radiological alterations up to 300 days of age, Kyphosis Index (KI) means were always above 4, and incisors were always normal ( Fig. 12A,B,C,D) . KI indexes of the heterozygous mice at weaning (30 days) were comparable to WT mice ( Fig. 12B,C) , differently from homozygous ( Fig. 12B,C) .
Kyphosis index for heterozygous mice was significantly lower than for WT mice starting from 200 days of age (p= 0,0152). The KI progressively got worse throughout the life of heterozygous ( Fig.   12B,E1 ), in particular, during the last months of life this condition was extremely amplified (Fig.   12B,E2) . Homozygous mice showed precocious and severe kyphosis. The deformity was always at the level of the chest stretch ( Fig. 12B,C,F) .
Abnormalities of the incisors were common. The lower incisors presented progressively a more flattened profile while the upper incisors showed an abnormal curvature with consequent malocclusion (Fig. 12G) . No differences in kyphosis nor in the skull were evidenced between sexes of same genotype and age. Reduction of the abdominal fat was also evident in radiographs of transgenic mice, according to the genotype and age. Kyphosis arising during human normal aging is often related to osteoporosis through deformity of the vertebral bodies (Cummings and Melton 2002) , or to annulus degeneration (Resnik 2002) . Furthermore, humans affected by a reduction of vertebral mechanical support develop thoracic-lumbar spine deviation in a ventral/dorsal direction (lordosis or kyphosis), or a lateral deviation of the spine (scoliosis), due to gravity forces. In mice, conditions such as neuromuscular weakness would result in development of only kyphosis, due to the quadrupedal gait (Laws and Hoey 2004) . Cervical-thoracic kyphosis is reported in patients with HGPS (Hennekam 2006) . The early onset of spinal deformity in Lmna G609G transgenic mice is likely attributable to osteoporosis, being causally similar to what happens in normal aging. However, in several transgenic mice, kyphosis was linked to osteosclerosis (Dabovic, Chen et al. 2002) , growth plate abnormalities (Iba, Durkin et al. 2001) , muscular disorders (Burkin, Wallace et al. 2001) , compression or fractures. In our study, radiograph resolution was not sufficient to assess the presence of such changes that cannot therefore be excluded. As a first conclusion, the overall signs we could observe, related to the mutation, were evident in both genotypes, which represent reliable models of HGPS. In addition, the fairly milder Journal Pre-proof phenotype of Lmna G609G/+ mice, compared to LMNA G608G/+ HGPS patients, is in agreement with a higher tolerance in mice to accumulation of prelamin A forms, compared to humans (Osorio, Navarro et al. 2011) .
EUTHANASIA
Animals were euthanized in the case they reached a total score of 10 or if one of the signs was evaluated with score 4 according to the Humane Endpoints table (HE) ( Rapid weight loss and severe dehydratation 4 TOTAL SCORE Table 2 . Humane Endpoints. Total scores: 0-4 : Normal; 5-9: Daily monitoring necessary; 10: Animal with initial distress signs; 11-13: Animal with distress signs; ≥ 14: Severe distress
POST-MORTEM EXAMINATIONS
Pathological/Histological Observations
Tissues were surveyed at autopsy and by microscopic analysis. Some alterations confirmed the in vivo observations, such as the size reduction, the moderate to severe kyphosis in the first thoracic vertebrae, a generalized loss of fat deposits, the presence of alopecic areas and dental malocclusion for all Lmna G609G transgenic mice. The most frequently affected organs were lung, skin, aorta, spleen, bones. Interstitial pneumonia (5/7 WT, 22/27 heterozygotes, 7/8 homozygotes) J o u r n a l P r e -p r o o f and hypoplasia/atrophy of the spleen lymphoid tissue (1/15 WT, 6/37 heterozygotes, 3/7 homozygotes) were non-specific changes observed in all genotypes, while skin and aortic arch revealed to represent genotype-associated tissue targets when the severity of the lesions were appropriately graded as shown in Fig. 13 -14 . (H&E; 400x) . Sections of aortic arch were also stained with periodic acid-Schiff (PAS) and
Alcian at pH 2.5 and 1 to characterize the basophilic material (myxoid changes) ( Fig. 15 ) collected in the medium layer in association with a reduction in the number of leiomyocytes.
Fig. 15: Aortic arch from a Lmna G609G/+ mouse. A)
In medium layer the interstitium is expanded by an homogeneous slightly eosinophilic material that stains negatively with PAS (B) and alcian at pH 1 (C) but positive with Alcian at ph 2,5 (D) revealing to be non-sulphated acid mucins. A: 400x; B, C, D 100x.
In WT mice moderate skin alterations (grade 3 in the grading system described above) were observed at low frequence (3/14). In one case there was a moderate hypoplasia of the lymphoid tissue in spleen (not shown). No appreciable alterations at the level of the aorta were observed (0/7). In all cases the arteries graded 1.
Forty-seven Lmna G609G/+ transgenic mice were examined. All had kyphosis, alopecia and dermal fibrosis, with reduction in number of hair follicles, that were mainly in the catagen phase. Regarding skin alterations, using the grading system described above (Fig. 13) , in 47 heterozygotes one was graded 2, ten graded 3 and thirty-six graded 4. Regarding the aortic arch wall, alterations were present in 38 cases with reduction in the cell number, in the thickness of the tunica media and with multifocal accumulation of weakly basophil material, likely mucopolysaccharides. Using the grading system ( Fig. 14) in heterozygotes, one artery resulted graded 1, ten arteries graded 2, fifteen graded 3 and twelve graded 4.
Nine Lmna G609G/G609G transgenic mice were examined. All had kyphosis Regarding skin alterations, alopecia, with reduction in number of follicles, and dermal fibrosis, were seen in 8/9 subjects. Using the grading system ( Fig. 13) , one animal was graded 2, two graded 3 and five graded 4. The subcutaneous fat was completely missing in all animals. Regarding the aortic arch wall, alterations were present in all animals. Eight aortas were available, one of which was graded 1, three graded 3 and four graded 4 (Fig. 14) . The grading system for skin and aorta lesions revealed significant differences (p < 0.001) between both transgenic animals and Lmna +/+ , but not between Lmna G609G/+ and Lmna G609G/G609G (Fig. 16 ). Fig. 16: Skin and aortic arch grading scores. Evaluation of transgenic animals who were sacrificed because they had reached the humane endpoint (about 108 days and 287 days for homozygous and heterozygous, respectively) and of wild type mice at about 280 days (controls). Differences between transgenic and wild type mice were significant, but not between heterozygous and homozygous mice.
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Important cardiovascular alterations in terms of vascular smooth muscle cells at the level of the medial layer of the aortic arch were reported in Lmna G609G/G609G transgenic mice (Osorio, Navarro et al. 2011 , Balmus, Larrieu et al. 2018 ) together with alteration of the heart ventricular depolarization.
However, these alterations were not graded nor evaluated for heterozygous mice. A recent study evidenced characteristic alterations at the aortic arch, which extend to the lower descending tract and to the carotids and subclavian arteries (Kim, Luu et al. 2018) . A generalized increased stiffness of the aorta is also characteristic of the G609G mice, depending on increased collagen could be linked to the cardiovascular alterations found, which also occur in HGPS patients and during normal aging. However, other causes, such as malnutrition, with consequent possible decreased resistance to infective agents cannot be excluded. In this sense, the use of sterile caging for LmnaG609G transgenic mice is recommended as a preventive strategy. showed mild to severe fiber atrophy compared to WT (p<0,0001) ( Fig. 17a) . Lmna G609G/+ mice showed more frequently rimmed vacuoles compared with WT but the difference was not significant (p=0,5091). In Lmna G609G/+ , rare fibers showed centralized plump nuclei and rare pyknotic nuclear clumps. The endomysium showed multifocal lymphocyte infiltrates and few plasma cells ( Fig. 17   A, B, F, G) . Inflammation was more severe in Lmna G609G/+ subjects compared to WT (p<0,0001) ( Fig.18 ). NADH-TR showed an irregular inter-myofibrillar network pattern (coarse appearance) in the vast majority of the fibers both in Lmna G609G/+ and WT. In Lmna G609G/+ , NADH-TR and SDH showed numerous fibers with an intense and irregular subsarcolemmal staining (ragged blue fibers) ( Fig.17 C, D, H, I) and COX showed numerous fibers with an irregular intermyofibrillar network ("moth-eaten" appearance) ( Fig.17 E, I) . Mitochondrial alterations were more severe in Lmna G609G/+ mice compared to WT (p<0,0001) ( Fig. 18) . Lmna G609G/+ mice showed a correlation between atrophy and age (r 2 =0,3718; p<0,05) which was not observed in the WT mice (r 2 =0,007671; p=0,7659) (FIG 18) . J o u r n a l P r e -p r o o f Fig. 18: Evaluation of skeletal muscle alterations. A) atrophy-, B) inflammation-, C) mitochondrial-alteration scores; A-B-C:****P<0.001; D) atrophy-age correlation in Lmna G609G/+ ; r 2 =0.37 ; P<0.05
Skeletal muscle histology
According with other progeroid models (Greising, Call et al. 2012) , muscles of Lmna G609G/+ mice have some of the key characteristics of sarcopenia, such as muscle atrophy and mitochondrial dysfunctions, which could result in weakness. Moreover, the observed inflammatory infiltrate could reflect a widely described chronic low-grade systemic inflammation associated with sarcopenia and called "inflammaging" (Costagliola, Wojcik et al. 2016) .
Craniofacial skeleton alteration
Individual bony elements are conserved between mouse and human skulls. Analysis of the craniofacial skeleton of Lmna G609G transgenic mice using μCT scans helps establishing parallels in human and mice phenotypes resulting from the same genetic alteration. Transgenic mice had abnormal skull shape. The bone reliefs were less marked and the indentations of the sutures between cranial bones were morphologically reduced in heterozygous and homozygous mice compared to WT ones. Transgenic mice also had micrognathia (small mandible) causing malocclusion. The consequence of such micrognathia is that mutant mice showed anomalies both in implantation and morphology of the incisors. In particular, upper incisors had an increase of the curvature (reduced radius). The lower incisors of WT mice appeared triangular in shape by CT imaging, whereas in mutant mice they were cylindrical and showed a more flattened profile (Fig.   19 ). Interestingly the same alterations were described in a different prematurely-aging mouse model (Zmpste24 -/-) with impaired prelamin A processing to mature LamA/C (de Carlos, Varela et al. 2008 ).
J o u r n a l P r e -p r o o f Fig. 19. MicroCT study of skulls. Top and lateral views. Surface renderings of μCT of the skull of a WT, a Lmna G609G/+ and a Lmna G609G/G609G mice, respectively. The bone reliefs and the sutures between cranial bones were less marked in heterozygous and homozygous mouse compared to WT. In lateral view, micrognathia is observed in both transgenic mice is indicated with the red arrows. Micrognathia caused dental malocclusion. The red circle in the Lmna G609G/G609G mouse indicates an osteolytic lesion of the zygomatic arch.
Bone mechanical properties alteration
Human HGPS affects the skeletal system causing bone resorption and decreasing bone resistance, i.e. the capacity of bone segments to withstand loads (Gordon, Gordon et al. 2011) .
Indeed, our experimental data, based on a four-point bending test, showed that the mechanical competence of mouse femurs was lower in Lmna G609G/+ than in WT mice. A significant reduction of 40% and 33% was found in diaphysis stiffness and strength, respectively ( Fig. 20 A, B) . This decrease is associated with a reduction in bone segment cross-section. Indeed, the cross-sectional dimension of Lmna G609G/+ mouse femoral diaphysis was significantly lower than that of WT mouse: -24% and -27% for cortical area and area moment of inertia, respectively ( Fig. 20 C, D -for the sake of completeness, also the biomechanical length of Lmna G609G/+ mouse femurs was on average 4% shorter than that of WT mice but the biomechanical length does not affect diaphysis stiffness and strength). A reduction in bone segment dimension had been already reported in the literature (Merideth, Gordon et al. 2008 ) (Schmidt, Nilsson et al. 2012 ). However, the aforementioned changes in cross-sectional dimensions explain only partly the measured decrease in mechanical competence of the diaphysis. Indeed, microCT analyses showed an average reduction of 15% in mineralization of Lmna G609G/+ mouse bone tissue. This finding is in agreement with the published observation that HGPS causes a decrease in bone tissue quality observed in a tissue-specific mouse model (Schmidt, Nilsson et al. 2012 ).
All these data suggest that the disease impacts on bone segments at two different scale levels: I) at tissue level, by decreasing both the ability to withstand load and the capacity to deform without fracturing; II) at organ level, by determining a diaphyseal cross-section morphology tinier than that found in WT mice. These detrimental results likely reflect the HGPS consequences on both metabolism and mechanotransduction mechanism of bone tissue. Indeed, it has been demonstrated that HGPS causes defect in bone matrix deposition and impacts on osteocyte distribution throughout the bone matrix (Schmidt, Nilsson et al. 2012 ) (Vidal, Bermeo et al. 2012) .
Whichever is the underlying mechanism, the assessment of mechanical competence of long bones retrieved from HGPS mice can supply additional quantitative evidence on the disease progression. 
Conclusions
Detailed phenotypic data are increasingly described in studies dealing with animal models for human diseases and represent extremely important information when investigating longevity and comorbidities associated with ageing. Given the highly conserved genome maintenance mechanism among species, mice can represent a valuable model for investigating genetic alterations, metabolic pathways and possible therapeutic strategies to address the aspects of human aging (Gurkar and Niedernhofer 2015) .
Reported mouse models engineered to mimic human HGPS may mirror the human phenotype in a partial manner, raising the question of the complexity of this disorder and the underlying mechanism. In this scenario, G609G mice engineered on a well-known genetic background (C57BL/6), represent a mouse model with a genetic mutation equivalent to that in human HGPS and allow scientists to describe and study in depth the pathophysiology of the human HGPS, hence planning possible therapeutic strategies. In addition, this model represents an outstanding tool for investigating the mechanism of normal aging (Osorio, Navarro et al. 2011 ).
Our first goal was to define in detail the phenotype and breeding characteristics of Lmna G609G transgenic mice. Both the homozygous and heterozygous genotypes were considered. This study represents the first description of this model over a long period (2 years), with special attention to reproduction, weaning, growth and expression of specific symptoms.
Homozygous mice were born with a lower frequency compared to what expected by Mendelian's proportion. They were not sterile but could not successfully deliver pups. On the contrary, heterozygous mice were successfully mated together, females being good breeders such as WT mice.
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Both homozygous and heterozygous genotypes manifest most of the described human signs and symptoms: shorter life expectancy, reduced body growth, hair loss, absence of subcutaneous fat, dry skin, decreased mobility, skeletal and cardiovascular problems. Nevertheless, also differences are observed between human HGPS and G609G mice: e.g. periocular alopecia, microphthalmia, anophthalmia, opacity of the cornea appear only in mice, being never described in patients, who are reported to suffer mainly from refractive errors or pathologies related to corneal dryness (Merideth, Gordon et al. 2008 ) (Mantagos, Kleinman et al. 2017) while nail dystrophy is observed in the human disease but not in G609G mice. Finally, skeletal muscle has not been studied in patients, hence alterations in this tissue have not been reported, but they are evident in mice (Table 3) . Cardiovascular events are the first cause of death in humans. Although important alterations have been evidenced at the thoracic aorta level in mice, it is hard to establish if these are the basis of events leading to death of the animal. In fact, in parallel with the worsening of the signs, animals resulted malnourished and eventually they had to be euthanized because they reached the humane endpoint. As an example, malnourishment is largely prevented in patients, making this aspect of the disease course deeply different in the human syndrome.
Furthermore, we remark a significant difference between females and males in terms of weight trends and lifespan. In studies using this animal model, such differences should be kept in mind and groups of tested animals should be constructed accordingly.
It has been stated that homozygous mice represent the model of choice of human HGPS with respect to Lmna G609/+ heterozygotes (Osorio, Navarro et al. 2011) . Our observations lead us to conclude that both homozygous and heterozygous animals represent a suitable model: the former shows signs of the disease really soon after weaning, making it difficult to test the efficacy and the safety of chronic treatments starting early in life, before symptoms may appear, while the distribution in time of any treatment may be more difficult because of the restricted lifespan; the latter would allow a more accurate evaluation of planned treatments although longer experimental time has to be considered because of the extended lifespan.
Whichever is the selected model, our description will help other research groups in choosing breeding strategies and mice housing, as well as in maintaining the focus on the signs and symptoms described as most characteristic of the mouse model and eliminating confounding signs deriving from the C57BL/6 genetic background. J o u r n a l P r e -p r o o f
MATERIALS AND METHODS
HGPS mice model
The HGPS transgenic mice were a kind gift by Carlos-Lopez Otín, Departamento de Bioquímica y Biología Molecular, University of Oviedo (Spain). The knock-in mouse strain carrying the HGPS mutation was generated as described elsewhere (Osorio et al., 2011) .
Housing and breeding
Breeding was conducted in compliance with the Italian Laws on animal experimentation in the 
Open Field Test
The Open Field Ttest (OFT) is widely used to measure locomotor activity and anxiety-like behavior (Prut and Belzung 2003) . A subset of mice underwent the OFT at 1, 2, 3, 6 and 9 months of age. 
Radiological Examinations
The radiographic study was performed in anaesthetized living animals using a human radiographic system (VILLA GENIUS HF, Italy) and Digital Radiography (DRX-Transportable, Carestream).
Mice were placed in lateral recumbency and a single radiograph right lateral view of the whole body was obtained. Optimum exposure was established at 50 kV with 1.8 mAs with a film focal distance of 100 cm. Heterozygous mice were radiographed at 30, 60, 125, 200, 260 Grade 4: severe changes. More than 50% decrease of cellularity associated to myxoid change, this latter extending from the middle to the outer coat (adventitia layer).
Skeletal muscle histology
Quadriceps femoris were collected from 30 animals, 16 Lmna G609G/+ mice, 8 males and 8 females and 14 WT, 8 males and 6 females, ranging from 2 and 7,5 months of age.
Muscle samples were snap frozen in isopentane pre-cooled in liquid nitrogen. Transverse sections (8 µm thick) were cut at -20°C and stained with: a) hematoxylin-eosin and Engel trichrome for a basic morphologic evaluation and mitochondria distribution; b) reduced nicotinamide-adeninedinucleotide tetrazolium-reductase to evaluate the distribution of mitochondria and sarcoplasmic network; c) succinate-dehydrogenase and d) cytochrome oxidase to evaluate distribution and activity of mitochondria. The severity of atrophy, inflammation, vacuolization and mitochondrial damage were scored as 0 = absent; 1 = mild; 2 = moderate; 3 = severe. Statistical analysis was performed with IBM SPSS Statistics 25.0. The differences between LmnaG609G/+ and WT were evaluated with t test and the correlations were evaluated with Pearson correlation coefficient.
Skeletal microCT
Whole heads, collected from 2 WT, 4 Lmna G609G/+ and 4 Lmna G609G/G609G mice, were analyzed on a microCT model Skyscan 1072 (Bruker Corp., MicroCT unit, Kontich, Belgium) to investigate the craniofacial skeleton alteration. The samples were immersed in saline solution during scanning.
The scanning parameters were set at a voxel resolution of 19.5 µm, 50kV, 200 µA, 1 mm aluminum filter, exposure time 5936 ms, image averaged on 2 frames, rotation 180° and a rotation step of 0.9°. Tomographic image reconstruction was based on NRecon software (Bruker Corp.,
MicroCT unit, Kontich, Belgium). A global threshold was applied to select bone tissue (grey threshold value 117/255). Mouse heads were qualitatively analyzed on 3D reconstructions to identify any possible alteration in craniofacial skeleton, with particular attention to sutures, shape of mandible and incisors.
Evaluation of mechanical bone properties
At sacrifice of Lmna G609G/+ mouse, one whole posterior leg was retrieved and immediately frozen at -20°C. Thirteen legs were collected. Similarly, one posterior leg was also retrieved from thirteen age-matched WT mice.
At time of testing, the selected frozen leg was sealed inside a laboratory glove and thawed by immersion in 37°C water for five minutes. The femur was cleaned from soft tissues and preliminary analyzed on a microCT as described above (only voxel resolution was 10.8 µm instead of 19.5 µm). Cortical area and area moment of inertia in the mid-third region of the femoral shaft were J o u r n a l P r e -p r o o f determined on 3D reconstructions by use of Ctan software (Bruker Corp., MicroCT unit, Kontich, Belgium) .
The femur underwent a four-point bending test to determine the diaphysis stiffness and strength in anterior-posterior direction, i.e. the sagittal anatomical plane, defined as the plane passing through the femoral axis and orthogonal to the line tangent to the posterior aspect of the femoral condyles.
The femoral axis was defined as the line passing through the center of two cross sections located at 25% and 70% of the biomechanical length, i.e. the longitudinal distance between the cranial side of the intertrochanteric fossa and the intercondylar fossa. The two epiphyses of each femur were embedded into two square cross-sectional thin-walled pots to maintain the femur in the desired position during the bending test. All the tests were completed within 5 hours from leg thawing.
Collected data were analyzed using the Mann-Whitney test.
